1. Introduction {#sec1}
===============

Chronic obstructive pulmonary disease (COPD), which is associated with high mortality, is characterized by the irreversible destruction of lung parenchyma due to chronic inflammation, resulting in a deterioration of pulmonary function. Currently known treatments include smoking cessation and oxygenation in patients with low blood oxygen saturation, but these treatments do not cure the disease [@bib1]. Bronchodilators and steroids may be used, but they cannot prevent disease progression and only help alleviate some symptoms.

In Korea, according to the National Health Insurance Corporation, about 230,000 to 250,000 patients have been diagnosed with COPD [@bib2]. In addition, the average annual hospitalization per patient, which is an indicator of disease severity, is 27 days, showing a trend toward high incidence. The annual average cost of medical treatment is 4.7 times higher than the average medical cost per capita. Stem cell therapy has been performed in various areas and there have been attempts to apply cell regeneration to COPD.

Weiss et al. performed a placebo-controlled, randomized clinical trial at six centres using allogeneic mesenchymal stem cells (MSCs --- Prochymal; Osiris Therapeutics Inc, Columbia, MD, USA) [@bib3]. In their study, MSCs did not show clinical efficacy for COPD, but systemic inflammation levels were reduced. Since then, there has been no progress in clinical trials of COPD using stem cells. Therefore, we investigated the efficacy of Wharton\'s jelly-derived MSCs, a new source of allogeneic stem cells, in COPD, rather than the previously used bone marrow-derived or adipose-derived stem cells.

2. Materials and methods {#sec2}
========================

2.1. Human umbilical cord {#sec2.1}
-------------------------

Umbilical cord tissues obtained through normal delivery or caesarean section from healthy mothers at Daegu Catholic University Hospital were collected. Those who had a history of malignant neoplasms, had received immunosuppressive agents, chemotherapy, or radiotherapy, had participated in other clinical trials within the last 30 days, had previously received stem cell therapy, possessed cognitive limitations that prevented them from understanding the experiment, and those with infectious diseases were excluded from the donation.

Informed consents including agreement to study human derivatives were received by all donors. This study was approved by the institutional ethics committee/review board of our institution (CR-16-162).

2.2. Mesenchymal stem cell extraction and characterization {#sec2.2}
----------------------------------------------------------

The umbilical cord tissue was trimmed and treated with Collagenase I. Then, it was cultured in Dulbecco\'s modified Eagle\'s medium supplemented with 10% foetal bovine serum (FBS), 1% penicillin and streptomycin, plasmocin, platelet-derived growth factor, and fibroblast growth factor at 37 °C in a 5% CO~2~ incubator. We confirmed the expression of CD14, CD34, CD45, CD73, CD90, and CD105 using flow cytometry to determine whether the cultured cells had the phenotype specified by the international standard of MSC [@bib4]. MSC extraction for flow cytometry and animal model injection were performed in passage 6.

2.3. Mouse COPD model and MSC injection {#sec2.3}
---------------------------------------

A total of 15 male C57BL/6 mice (KOATECH, Gyeonggi-do, Korea) were obtained and divided into three groups to perform the experiment (5 mice of each group): a stem cell group, a vehicle group, and a sham group ([Fig. 1](#fig1){ref-type="fig"}). A COPD model was induced in the stem cell group and the vehicle group with elastase (30 ??l) and the sham group was administered normal saline instead of elastase. Elastase/normal saline was injected into the bronchus through an endotracheal tube. Seven days after COPD modelling, MSCs (5 × 10^4^ cells) were administered through the tail vein along with 200??l of phosphate buffered saline to the stem cell group and 200??l of normal saline was administered through the tail vein to the vehicle group. The sham group did not undergo any further treatment. After another week, mice were euthanized, and their lungs were stained using haematoxylin and eosin (H & E) and examined histopathologically.Fig. 1Schematic overview of the experiment.Fig. 1

2.4. Quantification of MLI {#sec2.4}
--------------------------

Emphysema-induced alveoli were identified under the microscope and their mean linear intercept (MLI) was measured as an indicator of the degree of COPD. Quantification of MLI was performed as previously described [@bib5]. Briefly, digital images of the accessory lobe section (20X magnification) stained with hematoxylin and eosin were obtained using a bright field microscope. To quantify the MLI, 3 non-overlapping views (1000 μm x 1000 μm) were selected randomly from the appropriate area without arteries, veins, main airway, and alveolar ducts. Using the ruler tool, a grid with 10 uniformly distributed vertical lines and 10 uniformly distributed horizontal lines of defined length (1000 μm) was placed in the selected viewing area. Each line was spaced 100 μm apart. A one-slice value was defined as the straight-line length between two adjacent alveolar epithelia. All slice values were measured along the 1000 μm-long line. All intercept values between the 10 and 1000 vertices were then quantified for each grid. The MLI was considered as the average length of the pieces from a total of 3 grids analysed for the three sections prepared for each of the accessory lobes.

All cell and animal experiments were conducted at the Daegu Gyeongbuk Medical Innovation Foundation (DGMIF) and were approved by the Institutional Animal Care and Use Committee of the Experimental Animal Center of the DGMIF based on the Animal Protection Act.

2.5. Statistical analysis {#sec2.5}
-------------------------

MLI, which was expressed as continuous data, was subjected to statistical analysis. The means ± standard deviation was calculated. Data were compared using the Kruskal--Wallis test to verify the difference between the three groups and Mann--Whitney U test was used for post hoc analysis. Values of P \< 0.05 were considered statistically significant and Bonferroni\'s method was applied. All statistical analyses were performed using the IBM SPSS software version 25.

3. Results {#sec3}
==========

3.1. Donated umbilical cord and identification of cultured MSCs {#sec3.1}
---------------------------------------------------------------

Umbilical cord tissues obtained from through normal delivery or caesarean section from 10 healthy mothers between the ages of 33 and 40. The tissues from umbilical cords were about 5--10 g each in quantity. A total of 6 cell lines were obtained, and one cell line was randomly selected and used for the experiment.

Cell surface markers administered in passage 6 were positive for CD105, CD90, and CD73 and negative for CD45, CD34, and CD14 ([Fig. 2](#fig2){ref-type="fig"}).Fig. 2Stem cell characterization. A. Image of human Wharton\'s jelly-derived MSCs under a bright field microscope at passage 6. B. Cell surface markers in Wharton\'s jelly-derived MSCs using FACS. Wharton\'s jelly-derived MSCs were positive for CD105, CD90, and CD73 markers and negative for CD45, CD34, and CD14 markers. C. Growth curve of Wharton\'s jelly-derived MSCs expressed in CPDL. MSC: mesenchymal stem cell. FACS: fluorescence activated cell sorting. CPDL: cell population doubling level.Fig. 2

3.2. Verification of the regenerative effect of Wharton\'s jelly-derived MSC {#sec3.2}
----------------------------------------------------------------------------

The mouse COPD model was induced satisfactorily using elastase ([Fig. 3](#fig3){ref-type="fig"}). Microscopically, we could confirm that the alveolar size of the vehicle group was larger than that of the sham group, and that the COPD-inducing effect was alleviated in the stem cell group. MLI was measured to identify the degree of COPD induction and the ability to recover from COPD by the administration of stem cells. MLI was the largest in the vehicle group (COPD + saline) with an average of 163.05 ± 48.94 μm; the average was 123.56 ± 30.53 μm in the stem cell group (COPD + MSCs) and 38.85 ± 6.45 μm in the sham group ([Table 1](#tbl1){ref-type="table"}). The MLI of the three groups were significantly different (P = 0.002). In post-hoc analysis, there was a statistically significant difference in MLI between the COPD-induced group (stem cell + vehicle) and the sham group, and between the stem cell group and the vehicle group (P = 0.008, [Fig. 4](#fig4){ref-type="fig"}).Fig. 3Representative histopathological findings for each group. Black arrow: Bronchiole, Blue arrow: Alveolus, Red circle: Alveolar emphysema. Scale bar = 500 ㎛.Fig. 3Table 1Mean Linear Intercept values measured in each group.Table 1GroupMean ± SDGroupMean ± SDGroupMean ± SDSham34.48 ± 6.36Vehicle134.01 ± 39.49Stem cell125.88 ± 40.1738.30 ± 7.75143.93 ± 30.20122.39 ± 31.2140.73 ± 4.63154.58 ± 22.08131.48 ± 32.6536.68 ± 5.35214.15 ± 65.78116.55 ± 23.1744.07 ± 4.08168.60 ± 38.40121.49 ± 12.37Average38.85 ± 6.45Average163.05 ± 48.94Average123.56 ± 30.53Fig. 4Mean Linear Intercept of each group. \* Difference between the stem cell group and the vehicle group; P = 0.008 using the Mann--Whitney U test. MLI: Mean Linear Intercept.Fig. 4

4. Discussion {#sec4}
=============

Previous experiments have demonstrated the effectiveness of Wharton\'s jelly-derived MSC in lung injury animal models [@bib6], [@bib7]. However, these experiments used an acute lung injury or lung fibrosis model, not the COPD model, and the efficacy was verified by studying the cytokines rather than pathologically. In the present experiment, we demonstrate pathologically the effect of Wharton\'s jelly-derived MSC in an animal model of COPD.

The MLI method was introduced by Dunnill in 1964 and has commonly been used for a quantitative evaluation of histological analyses of lung tissue [@bib8]. The degree to which COPD has progressed can be measured indirectly through MLI values. Comparing the results of our study with those of Cruz et al. and Tibboel et al., the mean MLI value of COPD-induced mice in our study is very suggestive of well-developed emphysema [@bib9], [@bib10]. Through our experiments, we conducted preliminary experiments to make an appropriate COPD model. Elastase was injected into mice through the oral or intra-tracheal route, and we found that injecting it through the intra-tracheal route was a more reliable method of making a COPD model. For inducing COPD, the use of elastase has an advantage over other methods, which is why elastase was chosen for our experiments. Moreover, the degree of severity of COPD can be achieved by adjusting the amount of elastase [@bib11].

There are various methods for injecting stem cells depending on the target organ. In the case of lungs, direct injection into the bronchi and intravenous injection are possible. In our experiment, intravenous injection was performed. In fact, when targeting other organs with intravenous infusion, the lungs present an obstacle [@bib12], [@bib13]. Most of the stem cells injected into the vein are trapped in the lungs, which is advantageous for treating lung disease because it ensures a relatively easy injection route.

In this study, stem cells showed an effect on COPD in the animal experiments; however, there is no basis for this in the human body. Only one paper has shown that when treated with stem cells, systemic inflammation was reduced in COPD patients [@bib3]. Since then, efforts to treat COPD using MSCs have continued, and the application of stem cell therapy in COPD patients has been achieved [@bib14]. Several variables are involved in stem cell treatment, including the source of the stem cells, timing of the treatment, number of stem cells injected, method of injection, and choice of the patient population. In fact, several clinical trials have been conducted using various evaluating parameters and cells from various sources [@bib15].

The reason for using Wharton\'s jelly in our study among different kinds of stem cell sources is simple. In a clinical situation, the jelly is easy to obtain, and it is possible to obtain a large number of cells continuously. Compared with other MSCs, Wharton\'s jelly-derived MSCs have been reported to have a superior angiogenic and regenerative effect [@bib16], [@bib17]. The anti-inflammatory and tissue repair properties of Wharton\'s jelly-derived MSCs have not yet been examined as extensively as those of BM-MSCs or AT-MSCs [@bib18]. However, in some reports, the mechanism underlying these properties have been well explained. Wharton\'s jelly-derived MSCs are known to regulate inflammatory cells through multiple cytokines, growth factors, and their receptors, such as interleukin-6, epidermal growth factor, transforming growth factor-alpha, and insulin-like growth factor-1 [@bib19], [@bib20], [@bib21], [@bib22].

The safety of intravenous injection of umbilical cord-derived MSC has also been demonstrated in several studies in terms of allogeneic cell transplantation [@bib23], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29].

One limitation of our experiments is that we could not identify the mechanism underlying the effect of Wharton\'s jelly-derived MSCs in the COPD mouse model through various cytokine assays. The lack of a study on whether pulmonary function has improved is also a matter of concern. In addition, experiments to determine whether injected stem cells reside in the tissues of the subject may help to clarify the effect of Wharton\'s jelly-derived MSCs, and will be performed in a future study. Additional experiments will be performed in the near future to determine the mechanism underlying the effect of Wharton\'s jelly-derived MSCs in the COPD mouse model.

5. Conclusions {#sec5}
==============

Although the number of mice used in the experiment was not high, human Wharton\'s jelly-derived MSCs showed pulmonary regenerative effects in the COPD mouse model. Although we cannot confirm the effects of Wharton\'s jelly-derived MSCs in COPD through this experiment, the results can be used as a basis for a larger clinical experiment. We also need to define evaluation methods for pulmonary function recovery and develop optimal protocols for cell infusion in terms of stem cell concentration, infusion timing, and method of administration.
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